Abstract. The density of states and conductivity of monolayer graphene are calculated in the presence of long-range scatterers within a self-consistent Born Approximation. The energy region affected strongly by scatterers decreases in proportion to the inverse of the potential range and the minimum conductivity at the Dirac point becomes nonuniversal.
Electronic states in graphene are described by Weyl's equation for a massless neutrino or the Dirac equation with vanishing rest mass [1, 2] . This has theoretically been predicted to cause various interesting and singular behaviors in transport properties in the vicinity of the Dirac point [2] . These predictions were mainly made in a self-consistent Born approximation for scatterers with potential range much smaller than the electron wavelength. The purpose of this paper is to study electronic and transport properties in the presence of scatterers with long-range potential.
The Schrödinger equation is given by
where γ is a band parameter, ⃗ σ = (σ x , σ y ) is the Pauli spin matrix, andk = (k x ,k y ) = −i ⃗ ∇ is a wave-vector operator. In order to explicitly see the dependence on the potential range, we assume impurities with a Gaussian potential
with range d. We consider effects of impurity scattering using Green's function technique within a self-consistent Born approximation. Because states are not localized in this system [3] , this approximation is expected to give reliable results to transport quantities. Because of the symmetry, the self-energy of Green's functionĜ(k, ε) is written asΣ
where k is the wave vector, k = |k|, and k = k/k. In the self-consistent Born approximation, we havê
where n i is the concentration of scatterers in a unit area and u(q) is the Fourier transform of potential u(r). Self-energies Σ 1 (k, ε) and Σ 2 (k, ε) are numerically determined for each of k and ε. This is quite in contrast to the case of short-range scatterers, for which the self-energy is independent of k and the self-consistency equation can be solved analytically [4] . In order to calculate the conductivity, we numerically solve a Bethe-Salpeter-type equation for the current vertex part consisting of ladder diagrams. For actual numerical calculations, we shall introduce cutoff energy ε c and wave number k c = ε c /γ, where ε c is a half of the π-band width (∼ 9 eV). Further, we define a dimensionless parameter that characterizes the degree of disorder W = n i u 2 0 /4πγ 2 . Figure 1 shows the density of states and the conductivity for W = 0.05 corresponding to relatively cleaner graphene. The dashed line in the density of states is that of an ideal graphene, given by D(ε) = g v g s |ε|/2πγ 2 , where g v = 2 and g s = 2 are valley and spin degeneracies, respectively. The density of states clearly shows that the energy region affected strongly by the presence of scatterers is limited to |ε| < ∼ γ/d. This is natural because scattering becomes ineffective for wave vector
The dotted lines in the conductivity represent results obtained by solving the Boltzmann equation. The conductivity is close to and slightly larger than the Boltzmann result for sufficiently high energy, but becomes smaller in the vicinity of the Dirac point. In the case of short-range scatterers, the conductivity at the Dirac point ε = 0 was previously shown to take a universal value σ 0 = g v g s e 2 /2π 2h [5] . The minimum conductivity is slightly larger than σ 0 nearly independent of d, although it is not clearly seen in the figure due to the singular energy dependence at the Dirac point. Figure 2 shows the results in the case of larger disorder W = 0.15. The minimum conductivity becomes larger than σ 0 and now depends on the potential range 
(increases with d).
Since the first observation of the minimum conductivity [6] , which turned out to be larger than theoretical prediction [5] , there have been various experiments showing universal [7] or nonuniversal behaviors [8, 9] . The present results show that it remains universal in the clean limit, but becomes nonuniversal and larger for scatterers with long-range potential with the increase of disorder. More elaborate calculations are under way to further clarify the dependence on the range and disorder together with those for realistic charged impurities. This work was supported in part by Grant-in-Aid for Scientific Research on Priority Area "Carbon Nanotube Nanoelectronics," by Grant-in-Aid for Scientific Research, and by GCOE Program at Tokyo Tech "Nanoscience and Quantum Physics" from Ministry of Education, Culture, Sports, Science and Technology Japan.
